Introduction {#S0001}
============

Glioma is one of the most malignant forms of brain tumors in adults, which make up 80% of all malignant brain tumors.[@CIT0001],[@CIT0002] Although many treatment measures such as surgical resection, external radiotherapy, chemotherapy and biological therapy have been performed,[@CIT0003]--[@CIT0008] the median survival time of patients for the most malignant type of glioma, glioblastoma (GBM), is only 15 months and the survival rate over 5 years is less than 10%.[@CIT0009],[@CIT0010] The low survival time could be attributed to the difficulty in complete resection, invasion into surrounding tissues, high recurrence rate in situ, and the presence of the blood-brain barrier (BBB).[@CIT0011] Although our understanding of glioblastoma (GBM) carcinogenesis is steadily increasing, the mechanism of this process remains unclear. Therefore, it is very important to further understand the etiology of gliomas and identify potential therapeutic targets for achieving a radical cure as well as preventing disease recurrence.

As a member of PcG, polycomb group factor 1 (PCGF1) was originally identified as a novel mammalian polycomb gene which is highly expressed in the developing nervous system. Until now, most of the studies about the function of PCGF1 focused on the self-renewal of cells and the development of embryo.[@CIT0012]--[@CIT0016] Sequence alignment indicated PCGF1 is highly homologous with BMI-1, which was a star molecule of PcG. Previous studies showed that Bmi-1 absence caused premature brain degeneration,[@CIT0017] and its over-expression in neural stem/progenitor cells increased proliferation and neurogenesis in culture.[@CIT0018] In addition, silencing of Bmi-1 gene led to the increased chemotherapy sensitivity of human glioblastoma (GBM) cells, and a specific inhibitor of Bmi-1, PTC-209, could significantly attenuate the glioblastoma growth in murine orthotopic xenograft model.[@CIT0019],[@CIT0020] In consideration of PCGF1 associated with nervous system development, we were very interested in its expression and its functions in a nervous system tumor. To the best of our knowledge, there are only a few studies till date on the therapeutic potential and regulation mechanism of PCGF1 in glioblastoma (GBM) cell lines.

In the present study, we showed a novel role of PCGF1 in the growth of malignant glioblastoma (GBM) U87 cells, as well as its underlying mechanisms, by microarray analysis. Thus, the results obtained suggested that targeting of PCGF1 may be used as a potential and specific therapeutic tool for the treatment of glioblastoma (GBM).

Materials and Methods {#S0002}
=====================

Cell Lines and Culture {#S0002-S2001}
----------------------

The glioma cell line, U87, and renal epithelial cell line, 293T, were purchased from the Cell Bank of Chinese Academy of Sciences (Beijing, People's Republic of China). Cells were maintained in Dulbecco's modified Eagle's medium (Gibco) containing 10% fetal bovine serum (Hyclone), under a humidified atmosphere of 5% CO~2~ at 37°C.

Construction of Plasmid {#S0002-S2002}
-----------------------

For the lentivirus-shRNA-mediated silencing of the PCGF1 gene, 3 shRNA sequences were designed and employed (GENECHEM Co., Shanghai, China), as follows:

shRNA1: 5ʹ- AGAGTTGTATTGTGAAGTA-3ʹ;

shRNA2: 5ʹ-AGACACAGCCACTGCTCAA-3ʹ;

shRNA3: 5ʹ- CATGCAGGACATCGTGTAT-3ʹ.

The non-silencing control shRNA was synthesized using scrambled sequences. These nucleotide sequences were inserted into the plasmids using GV118 vector. Lentivirus particles were generated by triple transfection of 80% confluent 293T cells using Lipofectamine3000. Then, the cells were transduced with the constructed lentiviruses containing PCGF1 shRNA (KD1, KD2, and KD3) and non-silencing shRNA (NC), at an MOI of 10 and 15, respectively. The gene coding c-Myc was amplified from the cDNA of U87 cells, and the product was cloned into pcDNA3.1 vector. Finally, the control and c-Myc plasmids were transfected into U87 KD cells.

Isolation of RNA and Quantitative Real-Time PCR {#S0002-S2003}
-----------------------------------------------

Total RNA from cell cultures was prepared by using EasyPure RNA Kit (TransGen Biotech, China), following the manufacturer's instructions. The PCGF1 (forward: 5ʹ-TTAAGATGGCGTCTCCTCAGG-3ʹ; reverse: 5ʹ-AGTGGCTGTGTCTCGTGGAT-3ʹ) and GAPDH (forward: 5ʹ-TGACTTCAACAGCGACACCCA-3ʹ; reverse: 5ʹ-CACCCTGTTGCTGTAGCCAAA-3ʹ) specific primers were used in the qPCR reactions. Each sample was analyzed in triplicate by qPCR with SYBR Green Supermix (Promega, USA) on Applied Biosystems StepOnePlus instruments, with GAPDH as the internal control. Amplification data were collected by Mastercycler ep realplex and analyzed by the realplex2.0 software (Eppendorf, Germany).

Cell Extracts and Western Blotting {#S0002-S2004}
----------------------------------

Cell lysates were subjected to Western blot analysis with the following antibodies and dilutions: rabbit anti-PCGF1 (1:4000; Abcam, USA), mouse anti-β-Actin (1:4000; CWBIO, China), rabbit anti-AKT (1:4000, Abcam, USA), rabbit anti-pAKT (1:4000, Abcam, USA), rabbit anti-GSK-3β (1:4000, Abcam, USA), rabbit anti-c-Myc (1:4000, Abcam, USA), and rabbit anti-CyclinD1 (1:4000, Abcam, USA). The signals were amplified by HRP-conjugated secondary antibodies (Bio-Rad, Hercules, CA, USA), and detected via ECL Plus (Amersham Pharmacia Biotech, USA). The acquired images were then analyzed on a computer using Image J software.

Cell Cycle Assay {#S0002-S2005}
----------------

The cells were cultured for 24 hrs in 6-well plates at a concentration of 2×10^4^ cells per well, before cell cycle analysis. The cells were washed with phosphate buffered saline (PBS) and fixed with 80% (v/v) cold ethanol, overnight. Subsequently, cells were incubated with 100μg/mL RNase A for 30 min at 37°C, and then incubated with 20 μg/mL propidium iodide (PI) for 15 min at room temperature. Cell cycle analysis was performed via flow cytometry (BD, Biosciences, USA).

MTT Assay {#S0002-S2006}
---------

The cells were seeded into 96-well plates at a concentration of 2×10^3^ cells per well. Following incubation for 1, 2, 3, 4, or 5 days, 20 μL of MTT (5.0 mg/mL, Sigma-Aldrich) was added to each well. Following incubation at 37°C for 4 h, 200 μL of dimethyl sulfoxide was added after removing the medium and MTT from the wells. The absorbance was measured at 490 nm using a micro-plate reader (Bio-Rad Laboratories, Hercules, CA, USA).

Colony Formation Assay {#S0002-S2007}
----------------------

The cells were seeded into six-well plates at a concentration of 800 cells per well. After 9 days of culturing, the cells were fixed with 4% paraformaldehyde for 30 min and stained with freshly prepared Giemsa stain for 20 min. A colony is defined to be consisting of at least 50 cells. Colonies were counted via light/fluorescence microscopy.

Microarray Analysis {#S0002-S2008}
-------------------

This part of the work was completed in collaboration with Genechem Corp. Total RNA were extracted from KD and NC cells by using Trizol (Invitrogen, CA, USA), following the manufacturer's instructions. The quantity and quality of RNA were assessed via NanoDrop 2000 (Thermo Fisher SCIENTIFIC, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The 260/280 ratios of all samples were between 2.04 and 2.11, and all RNA integrity number (RIN) values were ≥7.0. Gene expression profiling was performed with Affymetrix human GeneChip PrimeView for microarray processing, as per the manufacturer's instructions. Afterwards, the samples were hybridized, washed, stained, and scanned, to collect and produce raw data (CEL files). For each sample, the Chip hybridization was done in triplicate to ensure the reproducibility of the results. The analysis of potential target genes of PCGF1 was carried by using IPA. Genes which showed a statistically significant (*P* \< 0.05) and absolute fold change \> 2 were identified as differentially expressed.

Statistical Analysis {#S0002-S2009}
--------------------

All experiments were performed in triplicate. Statistical analyses were performed using GraphPad Prism 8.0 software. Data are presented as the mean±standard deviation, for at least three independent experiments. The asterisks in each graph indicate statistically significant changes, with *P* values calculated by Student′s *t*-test: \**P*\< 0.05, \*\**P*≤ 0.01 and \*\*\**P*≤ 0.001. *P*-values \<0.05 were considered statistically significant.

Results {#S0003}
=======

Effect of PCGF1 Knock-Down on the Cell Cycle Distributions of U87 Cells {#S0003-S2001}
-----------------------------------------------------------------------

To investigate the biological function of PCGF1, we first established the PCGF1-silenced cells mediated by lentivirus-shRNA strategy. Three different shRNA sequences and vectors were designed and constructed to knockdown the expression of PCGF1. The real-time PCR data showed that these shRNA decreased PCGF1 RNA by approximately 13.7%, 76.6%, and 32%, respectively, ([Figure 1A](#F0001){ref-type="fig"}) compared to the control group (NC). Consistent with the real-time PCR result, the Western blotting analysis also demonstrated that a specific shRNA, KD2, was the most efficient in interfering with PCGF1 expression (more than 70%) among the three shRNAs ([Figure 1B](#F0001){ref-type="fig"}). Therefore, shRNA KD2 was further used in the following experiments, and henceforth dubbed "KD".Figure 1Knockdown of PCGF1 by lentivirus-mediated short hairpin RNA (shRNA)-induced cell cycle arrested at G0/G1 phase and attenuation of proliferation in U87 cells.**Notes:** (**A**) Expression analysis of PCGF1 mRNA by RT-qPCR analysis. (**B**) Expression of PCGF1 proteins in infected cells was analyzed by Western blot. (**C**) Cell cycle distribution of U87 cells was analyzed by flow cytometry. The cell population of G0/G1 phases was increased, and the number of cells in G2/M phases was decreased in KD groups. (**D**) These represent images of U87 colonies under light microscope. (**E**) Statistical analysis of the number of colonies. (**F**) Effect of PCGF1 knockdown on the proliferation of U87 cells. The KD group was significantly inhibited, as detected by the MTT assay. NC group contained cells infected by the lentivirus-shRNA-control construct, while KD group contained the cells infected by the lentivirus-shRNA-PCGF1 construct. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.

The effect of PCGF1 knock-down on cell cycle of U87 cells was detected ([Figure 1C](#F0001){ref-type="fig"}). A remarkably increased percentage of G1 population and decreased G2/M population were observed in U87 KD cells, as compared to NC cells, which implied that PCGF1 could play an important role in the proliferation of U87 cells. There is no difference in cell distributions in the S phase between KD and NC cells.

Effect of PCGF1 Knock-Down on the Proliferation and Growth of U87 Cells {#S0003-S2002}
-----------------------------------------------------------------------

To explore the effect of PCGF1 knock-down on the growth and proliferation of glioma cells, MTT and colony formation assays were performed for U87 cells. As shown in [Figure 1D](#F0001){ref-type="fig"}, the size of each single colony of KD cells was much smaller than that of NC cells under the conditions of same culture time after plating. Moreover, the number of colonies was significantly decreased in KD cells ([Figure 1E](#F0001){ref-type="fig"}), as compared to NC groups. The MTT assay indicated that the growth of KD cells was much slower as compared to NC cells ([Figure 1F](#F0001){ref-type="fig"}). These results indicated that knockdown of PCGF1 could remarkably inhibit the proliferation of U87 cells.

Identification of the PCGF1-Associated Genes by Gene Expression Microarray Analysis {#S0003-S2003}
-----------------------------------------------------------------------------------

To further explore the PCGF1-associated genes and potential-related signal pathways involved in proliferation regulation of glioma cells, we used GeneChip DNA microarray analysis to compare the gene expression profiles in KD and NC U87 cells. We have submitted the raw data for microarray to the GEO repository and got the accession number, GSE 121463. Using a log 2-fold change of ±1.3 and *P*\<0.05 as a cutoff, we identified 469 genes showing significant differential expressions, within which 295 genes were up-regulated and 174 were down-regulated. The IPA analysis displayed that differentially expressed genes were remarkably enriched in 18 pathways, based on a *P* \< 0.01 and the absolute value of z-score \>1 threshold, in which PI3K/AKT signaling was predicted to be significantly repressed. Most of these pathways are critical for tumor development and progression ([Figure 2A](#F0002){ref-type="fig"}). Furthermore, IPA was performed to show that both cell death and survival were prominently influenced ([Figure 2B](#F0002){ref-type="fig"}).Figure 2Ingenuity pathway analysis (IPA) of GeneChip DNA microarray data.**Notes:** (**A**) Diseases and heat map show the relationship of gene expression and disease. Orange represents Z-score \>0, blue represents Z-score \<0, gray indicates no Z-score value; Z-score \>2 on behalf of the function is significantly activated, Z-score \<-2 representing the function was significantly inhibited. (**B**) The analysis of functional pathway enrichment of differential genes was performed based on IPA databases. Here, the 18 significantly enriched pathways based on a P\<0.01 were shown. The statistical significance shown on the Y axis is indicated by the inverse log of the P value, and yellow for z-score \>0, blue for z-score \<0, the darker color represented the greater absolute z-score value. (**C**) Networks were constructed between PCGF1 and genes involved in cell death and survival pathway involving MYC. Green represents down-regulated genes and red represents up-regulated genes in extreme situation. Orange represents predicted activation gene and blue represents predicted inhibition gene.

Functional interaction network analysis was further performed to investigate the relationship between PCGF1 and the genes involved in the above-mentioned signaling pathways and functions ([Figure 2C](#F0002){ref-type="fig"}), which include the c-Myc signal network. Therefore, we further verified the effect of PCGF1 knock-down on the expression of some genes in the c-Myc interaction network by Western blot analysis. The results demonstrated that the levels of AKT, pAKT, GSK3β, c-Myc, and cyclinD1 proteins were remarkably decreased following knockdown of PCGF1 ([Figure 3](#F0003){ref-type="fig"}).Figure 3The expression of downstream protein selected by microarray in U87 cells.**Notes:** (**A**) Western blotting indicated that the protein levels of AKT, pAKT, GSK-3β, c-Myc, and cyclinD1 decreased following the knockdown of PCGF1 in U87 cells. (**B**) The protein levels from three independent experiments are quantified and presented as mean ± SD. \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001.

Overexpression of c-Myc Can Rescue the Decreased Proliferation of U87 Cells Induced by PCGF1 Knock-Down {#S0003-S2004}
-------------------------------------------------------------------------------------------------------

To verify the inhibitory effect on c-Myc and proliferation, caused by PCGF1 knockdown, we transfected the c-Myc plasmid into KD cells. The transfection efficiency was confirmed by Western blot analysis ([Figure 4A](#F0004){ref-type="fig"}). The results of MTT and colony formation assays showed that c-Myc overexpression reversed the suppressive effect mediated by PCGF1 knock-down in U87 KD cells ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}), which suggested that PCGF1 regulated the proliferation of glioblastoma (GBM) cells at least partly via c-Myc pathway.Figure 4The recovery expression of c-Myc restored the proliferation ability of U87 KD cells.**Notes:** (**A**) Following transfection of the exogenous c-Myc, the protein levels of c-Myc increased significantly as compared to KD-only cells. (**B** and **C**) The overexpression of c-Myc significantly restored the attenuated proliferation ability caused by knockdown of PCGF1, as detected by the MTT and colony-forming assay. \*\**P*\<0.01.

Discussion {#S0004}
==========

Glioblastoma (GBM) represents the most common type of CNS malignancies, accounting for 45% of all malignant central nervous system (CNS) tumors and 80% of all primary malignant CNS tumors.[@CIT0021],[@CIT0022] Polycomb group (PcG) genes are epigenetic regulators which play a vital role in gene silencing by forming polycomb repressor complexes.[@CIT0023],[@CIT0024] Recent research has indicated that polycomb group members, such as EZH2, Bmi1, KDM2B, PHF19, SUZ12, CBX8, and so on, are involved in the proliferation of cancer cell including glioma cells.[@CIT0020],[@CIT0025]--[@CIT0031] In the present study, we revealed the association between PCGF1 and various characteristics of glioblastoma (GBM).

In cancer cells, cell cycle alteration is a critical event which is closely related to the capability of proliferation, development, progression, resistance to treatment, and relapse.[@CIT0032] Aberrant functioning of cell cycle regulators generally alters the properties of growth, differentiation, and apoptosis in cancer cells.[@CIT0033] The increased ratio of G1 phase population hints that the knockdown of PCGF1 could prevent U87 cells progressing from G0/G1 to S phase, and consequently, decrease the activity of cell proliferation. The same was confirmed by MTT and colony formation assays.

To unravel the mechanisms involved, we conducted mRNA expression profiling experiment. Further analysis revealed that many of the changed genes are enriched in tumor proliferation pathways, including PI3K/AKT signaling, which plays a key role in the cell proliferation, apoptosis, metabolism, motility, and angiogenesis in glioblastoma (GBM).[@CIT0034]--[@CIT0036] As known, pAKT could activate GSK-3β, mTOR, etc., to promote proliferation and neovascularization, while inhibiting apoptosis.[@CIT0037],[@CIT0038] Early studies showed that GSK-3β was a key molecule in the regulation of multiple signaling pathways, such as c-Myc, which were closely associated with the progression and development of tumor as a proto-oncogene.[@CIT0039] Tian found that over-expression of miR-101 could make GBM cells sensitive to Temozolomide (TMZ) by down-regulating GSK-3β.[@CIT0040] Similarly, Nowicki MO found that the inhibition of GSK-3β could repress the growth of glioma cells effectively in the cell wound scratch assay.[@CIT0041] Previous studies showed that the level of MYC was frequently up-regulated in malignant glioma, and down-regulation of c-Myc could promote G1/S arrest and apoptosis in vitro.[@CIT0042] In addition, c-Myc plays a critical role in regulating the formation and progression of brain tumors.[@CIT0043]--[@CIT0045] CyclinD1 is frequently overexpressed in a wide range of tumors. There was a higher expression of cyclinD1 in the patients with high-grade malignant gliomas than low-grade gliomas.[@CIT0046] CyclinD1 is a key G1 phase checkpoint protein that controls proliferation and adhesion of tumor, and knockout of CyclinD1, resulting in cell cycle blockage at G1/S phase, inhibition of proliferation, and induction of apoptosis.[@CIT0047],[@CIT0048] In contrast, overexpression of cyclinD1 enhanced the proliferation and invasive potential, and reduced apoptosis.[@CIT0049],[@CIT0050]

Based on the information from IPA analysis of GeneChip data, we chose the PI3K/AKT signaling pathway to test crucial downstream genes and found the expression levels of AKT, pAKT, GSK-3β, c-Myc, and cyclinD1 were significantly decreased following the knockdown of PCGF1. Furthermore, the rescue assay results suggested that overexpression of c-Myc can restore the disruption of proliferative ability caused by PCGF1 knockdown. These data implied that PCGF1 knockdown inactivated the PI3K/AKT signaling pathway and decreased the levels of c-Myc and cyclinD1, which further prevented the progression of U87 cells from G0/G1 to S phase, resulting in cell cycle arrest in the G0/G1 phase and inhibiting cell proliferation. These results suggested that PCGF1 might be an upstream factor that can accelerate cancer development and progression. These findings were consistent with the previous conclusion that knockdown of PCGF1 in stem cell-like glioma cells resulted in impaired neurosphere formation and self-renewal abilities.[@CIT0051] To draw the network, PCGF1 is involved in glioma cells, it is worth elucidating the detailed mechanism behind how PCGF1 regulates the downstream genes.

Conclusion {#S0005}
==========

Our study identified PCGF1 as a key regulator of proliferation in GBM cells. Knockdown of PCGF1 led to a significant reduction of cell proliferation, which was accounted for by G1 cell cycle arrest. The data also explored some downstream genes of PCGF1 that control GBM proliferation such as c-MYC, cyclinD1.
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